The central oscillator of the cyanobacterial circadian clock is unique in the biochemical simplicity of its components and the robustness of the oscillation. The oscillator is composed of three cyanobacterial proteins, KaiA, KaiB, and KaiC. If very pure preparations of these three proteins are mixed in a test tube in the right proportions and with ATP and MgCl 2 , the phosphorylation states of KaiC will oscillate with a circadian period and these states can be analyzed simply by SDS-PAGE. The purity of the proteins is critical for obtaining robust oscillation. Contaminating proteases will destroy oscillation by degradation of Kai proteins, and ATPases will attenuate
robustness by consumption of ATP. Here, we provide a detailed protocol to obtain pure recombinant proteins from Escherichia coli to construct a robust cyanobacterial circadian oscillator in vitro. In addition, we present a protocol that facilitates analysis of phosphoryation states of KaiC and other phosphorylated proteins from in vivo samples.
Theory
Circadian clocks are complicated biochemical mechanisms that temporally regulate biological processes and the expression of many genes. Many circadian clock components have been discovered in an array of organisms by in vivo experiments.
Because of the complexity of circadian systems in eukaryotic organisms, the relatively simple prokaryotic clock of cyanobacteria has been developed as a paradigm for circadian biology, and its molecular mechanism can be studied in exquisite detail. The three-dimensional structures of the key protein components of the central oscillator, KaiA (Ye, Vakonakis, Ioerger, LiWang, & Sacchettini, 2004) , KaiB (Villarreal, Pattanayek, Williams, Mori, Qin, & Johnson, 2013) , and KaiC (Pattanayek, Wang, Mori, Xu, Johnson, & Egli, 2004) , have been solved at high resolution. Importantly, the 24-hour rhythm of KaiC phosphorylation can be reconstituted by mixing purified KaiA, KaiB, and KaiC with adenosine triphosphate (ATP) in vitro (Nakajima, Imai, Ito, Nishiwaki, Murayama, & Iwasaki, 2005) .
Before the in vitro oscillator was developed, the expected model for circadian oscillation in cyanobacteria was that of a transcription-translation feedback loop mechanism, as is typically observed in eukaryotic systems. Takao Kondo and coworkers (Nagoya University) then discovered that the oscillation of KaiC phosphorylation continues in cyanobacteria even when translation or transcription is blocked (Tomita, Nakajima, Kondo, & Iwasaki, 2005) ; this finding led them to reconstitute the oscillator in vitro. Rhythms of KaiC phosphorylation are readily detected, both in vivo and in vitro, via SDS-PAGE analysis. Use of the in vitro oscillator allows researchers to identify specific steps in the biochemical mechanism of the circadian clock at the molecular level.
The purification of the three oscillator proteins is a crucial technique to construct a successful in vitro oscillator. Tiny amounts of impurities, such as proteases and ATPases, will abolish the oscillatory phosphorylation of KaiC. By applying proteinspecific purification methods, those three proteins can be purified with sufficiently high purity and yield.
Equipment
Temperature-controlled shaking incubator
Refrigerated centrifuge
French press Fast protein liquid chromatography apparatus (FPLC) Nickel (Ni) affinity column (such as 5 ml HiTrap Chelating HP prepacked column from GE Healthcare)
Glutathione-S-transferase (GST) affinity column (such as 5 ml GSTrap HP prepacked column from GE Healthcare) coli (BL21DE3) for protein overexpression.
5.
Step 1 Express KaiA or KaiB in E. coli
Overview
The overexpressed KaiA and KaiB will be prepared for further purification. Remove the supernatant fraction and store the pellet at -80°C.
Duration

Tip
Add anti-foam to help aeration by preventing foam.
6.
Step 2 Express KaiC in E. coli. 3.3 Spin the lysates for 60 min in a refrigerated centrifuge at 20,000 × g.
3.4 Filter the supernatant fraction through a 0.45-μm filter.
3.5 Inject the filtered supernatant into a Ni affinity column using FPLC with a 2 ml/min flow rate.
3.6 Wash the column with 25 mL Ni buffer A.
3.7 Elute His-tagged KaiA or KaiB with a 0 -80% Ni buffer B gradient over 30 min.
3.8 Identify the protein-positive fractions from step 3.7 by Absorbance at 280 nm and combine positive fractions. Run the combined protein sample through a desalting column using Desalting buffer with 4 ml/min flow rate.
3.9 Identify the protein-positive fractions from step 3.8 by Absorbance at 280 nm and combine positive fractions. Inject the combined protein sample into an anion exchange column using FPLC with a 2 ml/min flow rate.
3.10 Wash the column with 25 ml Anion exchange buffer A.
3.11 Elute His-tagged KaiA or KaiB with a 0 -80% Anion exchange buffer B gradient over 30 min.
3.12 Identify the protein-positive fractions from step 3.11 by Absorbance at 280 nm and combine positive fractions. Add 1 ml of 1 M NaCl and 0.1 ml of 100 μM Ulp1 per each 10 ml of combined protein-positive sample.
3.13 Incubate the mixture for 16 h at 4°C.
3.14 Inject the incubated mixture into a Ni affinity column using FPLC with a 2 ml/min flow rate and collect the flow-through. This step will retain the tags on the column and allow untagged KaiA and KaiB to pass through. 3.24 Store protein at -80°C.
Tip
The purification procedure should be performed at room temperature to obtain high purity.
Dialysis can be used instead of a desalting column.
The second affinity column (Step 3.14 -3.15) also helps to remove impurities and is essential for obtaining the purity needed for the in vitro oscillator; this step should not be skipped.
8.
Step 4 Purification of KaiC
Overview
Purify KaiC with high purity and yield by using a series of FPLC columns.
Duration 36 h 4.1 Resuspend KaiC pellets (saved in
Step 2.5) in 60 ml of GST buffer A.
Follow Steps 3.2 to 3.4 as for KaiA and KaiB purification.
4.3 Inject the filtered supernatant into a GST affinity column using FPLC with a 1 ml/min flow rate.
4.4 Wash the column with 90 ml GST buffer A.
4.5 Elute GST-tagged KaiC with 12 ml GST buffer B and collect the entire elution volume.
4.6 Add 10 μl of PreScission TM protease per each 12 μl of the collected eluent.
4.7 Incubate the KaiC mixture for 16 h at 4°C.
Inject the incubated KaiC mixture into a desalting column and wash out using
GST buffer C with a 4 ml/min flow rate until all protein-positive fractions are collected.
4.9 Inject the protein-positive fractions into a GST affinity column with a 1 ml/min flow rate and take the flow-through. This step will retain the tag on the column and allow untagged KaiC to pass through.
4.10 Wash the column with 5 ml GST buffer C and continue to collect the flowthrough. Combine the flow-through from Step 4.9 and 4.10.
Inject the combined flow-through into a desalting column and wash out using
In vitro reaction buffer with a 4 ml/min flow rate until all protein-positive fractions are collected.
4.12 Concentrate the combined protein-positive fraction from step 4.11 using a membrane protein concentrator (such as an Amicon centrifugal filter). KaiC can be concentrated to ~ 15 μM.
Follow from
Step 3.22 to 3.24 as for KaiA and KaiB purification.
Tip
Using a desalting column instead of dialysis may increase yield by preventing precipitation.
9.
Step 5 In vitro oscillation reaction 5.3 Take 20 μl aliquots of reaction mixture every 2 h for 3 days and add 2 μl 10× loading dye. For an SDS-PAGE, at least a 5 μl aliquot is needed.
5.4
Freeze each sample at -20°C as it is collected until the reaction is complete.
5.5 Keep all samples at -20°C prior to SDS-PAGE analysis.
Tip
The total reaction volume can be modified to provide the number of samples desired in
Step 5.3 to run at least one gel of the timecourse.
10.
Step 6 SDS-PAGE 6.2 Mount the gel in the apparatus, place the entire apparatus into a water-tight high-sided tray, and fill the reservoir with Tris-Glycine buffer. Remove all bubbles at the bottom of the gel.
6.3 Take out comb and remove all bubbles in the wells. Load the samples (saved in
Step 5.4) onto the gel.
6.4 Pack ice around the outside of the SDS-PAGE apparatus.
6.5 Run the gel at 60 V for 30 min and at 140 V for 100 min.
6.6 Put the gel in InstantBlue TM coomassie stain solution.
6.7 Stain overnight and destain with water until bands are clearly visible.
Tip
Load 4 to 5 μl of sample in each of the 13 interior wells. Gel "smiling" can be avoided by loading dye only, rather than sample, in the outside wells on either end. The resulting straight line of bands will facilitate quantification.
The number of gels on Step 6.1 and the time on Step 6.5 calculated based on Mini-PROTEAN form BioRad.
11.
Step 7 Densitometry
Overview
This is an easy quantification method for determining the phosphorylation level of KaiC in order to graph the oscillation. 7.4 Draw a graph that plots % P-KaiC vs. time.
Tip
Follow ImageJ user guide on NIH website (http://imagej.nih.gov/ij/docs/guide/index.html) to measure the density of each band.
PeakFit software can be used instead of NIH ImageJ. reagent and 50 μM Mn 2+ are good starting references, but optimal concentrations must be determined empirically to obtain sharp banding. However, even with substantially distorted bands, if sufficient separation of unphosphorylated and phosphorylated protein bands is achieved, quantification of the fraction of phosphorylated proteins can be accurately estimated using image analysis software (Gutu & O'Shea, 2013) .
The following protocol has been used to analyze the in vivo phosphorylation of KaiC, RpaA and RpaB in S. elongatus cells subjected to 12:12 LD cycles (Fig. 3) . It should form a suitable starting protocol that can be optimized for the protein under study.
Equipment
Temperature-controlled lighted incubator Samples may be used immediately for gel loading, or stored at -20ºC.
Tip
For proteins with heat-labile phospho-Asp or phospho-His residues, keep samples on ice after extraction and do not heat prior to gel loading. To obtain optimal levels of phosphorylated protein, proceed directly to electrophoresis and do not subject cell extracts to freeze-thaw cycles.
Samples must be prepared in buffer without phosphate. Do not substitute phosphatebuffered saline (PBS) for TBS during resuspension of cell pellets.
18.
Step 2 3B ).
2.6. Perform image analysis to quantify band intensity using NIH ImageJ software. (cf. Fig. 3 B) .
Tip
Resolution of multiple KaiC phospho-states may be obtained by running gels at lower current for an extended time and/or increasing concentration of Phos-tag TM acrylamide reagent. 
